The present paper deals with the modification of butter oil by means of SC-CO2extrac-tion. A recent and continuing trend in the consumption of butter in Japan has been its slight decline, while that of its replacement, margarine, has increased remarkably.9) In developed Western countries, a marked decline in the consumption of butter has been reported.10) The principal reasons responsible for the restrained consumption of butter maybe its poor spreadability at domestic refrigerator temperatures, and its high content of cholesterol and saturated fatty acids. Although several methods have been proposed for processing soft-type butters by regenerative treatment,1^rechurning, 12) and fractionation at low temperature,9'13) no method is available for producing a butter with a low cholesterol level and simultaneously a low melting point. The possibility of fractionating butter oils by SC-CO2 extraction has already been reported by Kaufmann et al.14) Wetried to modify the butter oils to yield less cholesterol and a low melting point not only by simple SC-CO2extraction, but also in conjunction with an additive entrainer and adsorbent.
MATERIALS AND METHODS
Materials. Commercialnon-salted and un fermented butter containing 20.3% moisture, 0.34% crude protein, 75 .6% triglycerides and 0. 154% cholesterol was provided by Meiji Milk Co. Almost all the cholesterol in the butter oil was in the free state, and its ester content was only 3.2% of the total cholesterol. Dehydrated butter oil was prepared from the rendered butter by successive extraction with «-hexane, dehydration and evaporation under reduced pressure.
Extraction. A flow diagram of the extraction apparatus is shown in Fig. 1 . Gaseous commercial-grade pure CO2was obtained from a steel cylinder (A; 1.6m3, Nippon Oxygen Co.) via a. check valve (CV). After cooling (GC) and filtrating (F), the CO2 was compressed by a compressor (C) to a certain pressure (130~350kg/cm2), which was regulated by a variable back-pressure-regulator (RV) and checked by a monitor (RP). The compressed gas was passed through a coil (AC) to adjust the temperature and then allowed to flow through the vertically mounted extractor (EX) from the bottom. The portion circled with a dotted line in Fig. 1 including EX and AC was immersed in a thermally regulated bath. EX is a cylinder (4cm i.d. x 20cm height) made of stainless steel (SUS 316) with a working pressure of 500kg/cm2 at 100°C. The bottom, which contains a gas inlet, rupture disk and gas filter (F), is threaded into the cylinder. The contents of EX were constantly agitated by a propeller to mix the CO2well with the sample. In the case of the silicic acid absorption method, the oilladen gas was passed through a column ofWakogel C-100 (Wako Pure Chem. Ind., 20~60g) set up in EX as shown in Fig. 2 . Silicic acid was activated at 120°C for 4hr, and both sides of the silica gel column were fixed with cotton. In this method, EX was not agitated by a propeller. The details of the conditions for extraction through the silica gel column are summarized in Table I . The oil-laden gas from EX was passed through a metering valve (MV), where SCF was depressurized, and the separated oil was collected in a receiver (RE) whose temperature was controlled at 30°C. The volume of gas flowing in EX was determined with a dry test meter (FM). The CO2 flow rate was regulated at 7~10 NL/min, and extractions were run on 19~20gquantities of butter oils.
Analysis of butter oil. The melting point, moisture, and protein content of the butter oils before and after extraction and those of the residual oils were determined by AOCSofficial methods.15* The cholesterol content was determined by the gas chromatography (GC) method16) using 5-a-cholestane as an internal standard. GCwas carried out with JEOL JGC-20K apparatus equipped with a glass column (0.3 x 150cm) containing 5% SE-30 on Chromosorb W (60/80 mesh).
The triglyceride composition was also determined by Although the extraction of cholesterol and triglyceride (triolein) with SC-CO2 is known to start at 85 and 90 bar (1 bar=0.987kg/cm2),18) respectively, the solubility at these pressures is too small for practical extraction. Therefore, the effect of pressure on the extraction efficiency for butter oil was examined in the range from 130 to 300kg/cm2 at 40°C. The effect of pressure on the solubility of two types of butter oils, i.e., dehydrated and "as is," in SC-CO2 at 40°C was quite different for each as shown in Fig. 3 . The solubility of dehydrated butter oil increased linearly with the increase of pressure in the range we examined. The solubility at 150 kg/cm2 was 0.41 % (w/w), while that at 300kg/cm2 reached 1.88%. The correlation of the solubility of butter oil with the pressure was favorably comparable with that observed for seed oils reported by Friedrich's group. 8'19) In the case of "as is" oil, the solubility increased with pressure from 130 to 200kg/ cm2 in a manner similar to that for dehydrated oil; however, for pressures over 200kg/cm2, the solubility decreased with increasing pressure. The mechanism for this peculiarity of "as is" oil is not knownso far, but, the co-existing water is suggested to be involved in it.
The cholesterol concentration of the extracted oils at various pressures at 40°C is shown in Fig. 4 . The SC-CO2 extracted oils from both the dehydrated and "as is" oils shows a maximumat 150kg/cm2. Although the solubility of sterols in SC-CO2 linearly increases with the increase in pressure to 150kg/cm2, they gradually deviated from a straight line above that pressure.20) On the other hand, linearity has been observed for triglycerides to over 600kg/cm2.8) These are probably the major reasons why the cholesterol concentration in the extracted oils decreased with increasing pressure in the range above 150 kg/cm2. Comparing the cholesterol levels between "as is" and dehydrated oils, the levels in "as is" were always higher than those in dehydrated oils throughout the pressure range examined. The moisture in "as is" oil is suggested to improve the selectivity for cholesterol by functioning as an entrainer. The same effect of moisture has been observed in the extraction of caffeine from coffee beans.4)
From these results, the optimum condition of SC-CO2 extraction at 40°C for the highest selectivity of cholesterol over triglycerides was found to be extraction from "as is" oil at 1 50 kg/cm2.
Properties of butter oil fractionated by SC-CO2 extraction at 150kg/cm2
To obtain low-cholesterol butter oil as the residue of SC-CO2 extraction, "as is" butter was extracted under conditions with the highest selectivity for cholesterol. The receiver (RE in Fig. 1 ) was replaced at intervals to fractionate the extracted oil, which was analyzed for cholesterol content and triglyceride composition.
The amount of extracted oil was nearly proportional to the volume of gas passed in the beginning; however, the extractability gradually decreased and finally the amount of extracted oil reached a plateau, at which 76% of the loaded oil was extracted (Fig. 5) . The decrease in extractability should be mainly due to alteration in the composition of the residual triglyceride.
The change in triglyceride composition of the extracted oils will be discussed later.
Fl and F2 in Fig. 5 were liquid oil at room temperature, whereas-F4 to F6 were solid fat. The solubility of butter oil at 60°C was very poor at 300kg/cm2, because of the marked decrease in the density of CO2at 60°C.
The time course for cholesterol extraction, which is shown in Fig. 6 , is very similar to that for butter oil extraction.
Cholesterol was extracted at a constant rate until 1300 NL, when the slope of the curve gradually decreased. This decrease in extractability is suggested to be due to the rise in melting point of the residual oil in the extractor. After passing 251 1 NLofCO2, 92%of the total choesterol in the sample oil was extracted, while 75% of the butter oil was also extracted at that point. Although the residual oil, which occupied 25% of the sample, showed a marked decrease in of the extracted and residual oils are summarized in Fig. 7 . Butter oil is well-known for its wide variety of constituent fatty acids with carbon numbers (C) from 4 to 22. As a result, the triglyceride composition of butter oil is very complex with carbon numbers (carbons of glycerin are not included) from 24 to 54 ("original"
in Fig. 7 ). The short-chain triglycerides less than C36 were preferentially concentrated in the initial two fractions (Fl and F2) , while the glycerides with C38 and C40 were extracted constantly throughout the extraction. The glycerides with carbon numbers more than 40 increased with the progress of extraction and, especially, glycerides larger than C46 were concentrated in the final fraction of the extracts and the residual oil. The mobility of each glyceride is shown in Fig. 8 . These results are well in accordance with the data reported by Kaufmann et al.,lA) whose experiment was interrupted in the middle of the extraction. The cholesterol concentration of the residual oil could be reduced to the level of0.028%, which corresponds to 12% of that of the original oil calculated on a dry basis. However, the residual oil, which occupied 25% of the sample, showed a glyceride pattern similar to beef tallow rather than that of butter oil. This means that the residual oil no longer melted in the mouth and was almost flavorless. There- O, using 60g of silica gel; #, using 20g of silica gel.
higher than the original samples (Fig. 9 ).
From these experiments, it is concluded that the preparation of a low-cholesterol butter oil by simple extraction with SC-CO2 is impractical.
Application of a silica gel column to SC-CO2 extraction The present studies showthat simple extraction with SC-CO2 is impractical for the preparation of low-cholesterol butter. It is known that the major factors which affect the solubility of any compounds in SC-CO2 are the molecular weight and polarity. The polarity of cholesterol is higher than that of triglycerides, while the molecular weight of cholesterol is almost equivalent to that of triglycerides with carbon numbers 24 (not including carbons of glycerin). As a result of the combination of these two factors, cholesterol movesin a manner similar to the major triglycerides of butter oil with carbon numbers of 38 and 40 as shown in Figs. 8 and 9 . Consequently, we applied a column of silica gel, which is the most popular adsorbent for lipid fractionation, to remove the cholesterol from triglycerides in the extracted butter oils according to the principle of supercritical fluid chromatography, 21 ) which has been demonstrated to be efficient in fractionating various organic compounds. The usage of a column of adsorbents such as activated charcoal and alumina has already been successfully applied to the decaffeination of coffee beans by SC-CO2 extraction.4'22* As shown in Table I , the SC-CO2 pressure used in this experiment was muchhigher than that of the simple extraction methodalready described, in order to increase the solubility of the oils and to improve the recovery of oils in the extracts. Figure 10 shows the effect of the amount of added silica gel on the recovery of butter oils.
Using 60g of silica gel, corresponding to 3 times the weight of the sample oil, the cholesterol content of the extracted oil was 0.013%, which corresponds to less than 1/17 of the original dehydrated oil (0.23%). However, the recovery of the extracted oil was limited to only 50%. On the other hand, when the additive silica gel was reduced to 20g, the total yield of extracted oil reached 80% of the applied oil. The cholesterol level of the extracted oil was 0.073%, which corresponds to less than 1/4 of the original.
The fatty acid composition of each fraction by SC-CO2 extraction at 300kg/cm2 through a silica gel (20g) column is shown in Table II , in which F'l to F'6 represent the fractions indicated as the small black circles in Fig. 10 . In this condition, the short-chain fatty acids and C18acids were concentrated respectively in the first and last halves, the selectivity being not as distinct compared with the extraction at 150kg/cm2 judging from the triglyceride composition shown in Fig. 8 . The fatty acid composition of the total extracted oil is clearly different from the original oil, and rich in short-chain fatty acids. This change in the fatty acid composition of the extracted oil reflected upon the melting point, which was 5 to 7°C less than that of the original. The coloring constituents were mainly recovered in F'3 to F'6 after passing 400 NL ofCO2. The flavor of the extracted oil was excellent and almost equal to that of the original butter oil. Wealso tried active charcoal as the adsorbent; however although the cholesterol level could be reduced to less than 1/5 of original, both the flavoring and coloring constituents were almost completely adsorbed by the charcoal. The effects of alumina and florisil are going to be examined.
From these results, extraction with SC-CO2 combined with a silica gel column was found to provide a new and promising procedure for the modification of butter oils to lower the cholesterol level and to improve the spreadability at refrigerator temperature.
